The native cellulose of bacterial, algal, and animal origins has been well studied structurally using X-ray and neutron diffraction and solid-state NMR spectroscopy, and is known to consist of varying proportions of two allomorphs, Iα and Iβ, which differ in hydrogen bonding, chain packing, and local conformation. In comparison, cellulose structure in plant primary cell walls is much less understood because plant cellulose has lower crystallinity and extensive interactions with matrix polysaccharides. Here we have combined two-dimensional magic-angle-spinning (MAS) solid-state nuclear magnetic resonance (solid-state NMR) spectroscopy at high magnetic fields with density functional theory (DFT) calculations to obtain detailed information about the structural polymorphism and spatial distributions of plant primary-wall cellulose. 2D 13 C− 13 C correlation spectra of uniformly 13 C-labeled cell walls of several model plants resolved seven sets of cellulose chemical shifts. Among these, five sets (denoted a−e) belong to cellulose in the interior of the microfibril while two sets (f and g) can be assigned to surface cellulose. Importantly, most of the interior cellulose 13 C chemical shifts differ significantly from the 13 C chemical shifts of the Iα and Iβ allomorphs, indicating that plant primary-wall cellulose has different conformations, packing, and hydrogen bonding from celluloses of other organisms. 2D 13 C−
■ INTRODUCTION
Cellulose is a linear chain of β(1→4)-D-glucose units that hydrogen-bonds side by side in a parallel fashion to form microfibrils of varying thicknesses. Cellulose is produced by many organisms, including bacteria, algae, plants and some marine animals, 1 but its largest source is plant cell walls, which are estimated to produce 120−140 billion tons of cellulose globally every year. 2 13 C magic-angle-spinning (MAS) solidstate NMR (solid-state NMR) spectroscopy has been applied since the 1980s to understand the principal structural features of native cellulose.
3−5 Based on 13 C NMR chemical shifts, cellulose from many sources was found to consist of two crystalline allomorphs, Iα and Iβ, in varying proportions. 4 Cellulose of bacteria and algae such as Acetobacter xylinum and Valonia is dominated by the Iα allomorph, while cellulose of the secondary cell walls of higher plants such as cotton and ramie mainly contains the Iβ allomorph. These two allomorphs are distinguished by their C1, C4, and C6 chemical shifts: referenced to tetramethylsilane (TMS), the Iα allomorph exhibits a C1 chemical shift of 105 ppm and a C4 doublet at 90 and 89 ppm, while the Iβ allomorph exhibits a C1 doublet at 106 and 104 ppm and C4 chemical shifts of 89 and 88 ppm.
Recently, 2D 13 C− 13 C and 13 C− 1 H correlation NMR experiments were carried out on highly crystalline bacterial (Acetobacter xylinum), algal (Cladophora), and animal (tunicate) cellulose 6, 7 to definitively assign the chemical shifts of the Iα and Iβ allomorphs. These data resolved two sets of 13 C chemical shifts for each allomorph with equimolar intensities, indicating two magnetically inequivalent glucopyranose rings in each allomorph. The A and A′ structures in Iα cellulose are spatially close together, as manifested by inter-residue cross peaks in 2D 13 C− 13 C correlation spectra, while the B and B′ structures in Iβ cellulose are well separated. 8 These results are in excellent agreement with crystal structures, 9,10 which showed that Iα cellulose contains identical chains with alternating glucose units with slightly different structures, while Iβ cellulose contains two types of chains that are separated in alternating sheets.
Compared to highly crystalline cellulose of bacteria, algae, and animals, plant primary cell wall cellulose is much less understood because of its extensive interactions with matrix polysaccharides, which give rise to low crystallinity and relatively small lateral dimensions (3−5 nm).
11,12 These properties make primary-wall cellulose structure challenging to study at the molecular level. High-resolution structural information on primary-wall cellulose is important for understanding the physical and biochemical properties of plant cell walls and the mechanism of wall loosening during plant growth. 13 Recently, we employed 13 C isotopic labeling of whole plants and 2D and 3D correlation solid-state NMR techniques to investigate the structure and dynamics of primary-wall polysaccharides under near-native conditions.
14−18 The multidimensional correlation approach allowed us to resolve and assign the 13 C signals of wall polysaccharides and identify longrange cross peaks that are indicative of intermolecular interactions among wall polymers.
19,20 13 C labeling also facilitated the measurement of quantitative 13 C NMR spectra to investigate the size of the cellulose microfibril. The number of glucan chains constituting the plant cellulose microfibrils has been a topic of active debate. 13, 21 The original proposal was that the microfibril contains 36 chains, based on the hexameric organization of the cellulose synthase complex (CSC) in the plasma membrane. 22 However, this number was recently revised to 18−24 based on joint analyses of 13 C NMR spectra and X-ray scattering data, 23−27 MD simulations 28 and biochemical analysis of the stoichiometry of different isoforms of cellulose synthase. 29 Our recent quantitative 13 C solid-state NMR spectra yielded surface-to-interior cellulose intensity ratios that correspond to at least 24 chains for primary-wall microfibrils. 19 This number is consistent with long-mixing-time 2D correlation spectra that show that some interior cellulose chains are deeply embedded in the microfibril and are outside 13 C spin diffusion reach of the surface chains. While these NMR data suggest more than 18−24 chains for primary-wall cellulose microfibrils, it remains to be determined whether this larger number reflects the size of isolated microfibrils or partly coalesced microfibrils, as seen, for example, in onion cell walls by AFM. 30, 31 In this work, we have resolved and identified five types of interior cellulose and two types of surface cellulose structures in the primary cell walls of both dicot and monocot plants. We resolved this multitude of cellulose structures from 2D 13 and a WT cell wall that has been digested with CDTA, Na 2 CO 3 , enzymes and 1 M NaOH to remove most of the matrix polysaccharides. 33 The Brachypodium, Zea mays and wild-type Arabidopsis samples were never dried, while the xxt1xxt2xxt5 and cesa1 aegeus /cesa3 ixr1−2 mutants were air-dried and then rehydrated to ∼40 wt %. Our recent study showed that polysaccharides in dried and rehydrated cell walls have the same molecular structure and dynamics as those in never-dried cell walls. 18 Detailed sample preparation procedures have been reported previously. Briefly, uniformly 13 C-labeled plant materials were obtained by growing seedlings in the dark for 14 days in liquid culture containing 13 C-labeled glucose as the sole carbon source. The seedlings were harvested and ground in liquid nitrogen. Starch and intracellular proteins were removed by treatment with α-amylase and Pronase. The resulting insoluble cell wall materials were packed into 3.2 mm MAS rotors for solid-state NMR experiments.
Solid-State NMR Experiments. 1D 13 C cross-polarization (CP) MAS spectra were measured on 800 MHz (18.8 T) and 900 MHz (21.1 T) Bruker NMR spectrometers using 3.2 mm MAS probes. Typical radiofrequency (rf) field strengths were 62.5 kHz for 13 C and 62.5−83 kHz for 1 H. All 13 C chemical shifts were referenced to the adamantine CH 2 peak at 38.48 ppm on the TMS scale. A 2D radio frequency-driven recoupling (RFDR) correlation experiment 34 ( Figure S1a ) was conducted on the Brachypodium cell wall to assign intraresidue cross peaks. The RFDR spectrum was measured under 16 kHz MAS and 83 kHz 1 H decoupling. A train of π pulses in the middle of each rotor period recouples the 13 C− 13 C dipolar couplings for longitudinal polarization transfer. A recoupling time of 1.5 ms was used to detect one-bond 13 C− 13 C cross peaks. This mixing time was chosen to selectively detect one-bond cross peaks based on tests on the model peptide formyl-Met-Leu-Phe (MLF). 35, 36 At this mixing time, one-bond 13 C− 13 C cross peaks have 17−32% of the intensities of diagonal peaks while two-bond cross peaks have less than 2% of the diagonal intensities. 2D proton-driven 13 C spin diffusion (PDSD) experiments 37 were conducted on all cell walls using mixing times of 30 ms and 1.0 s, which have been shown previously to give multibond intramolecular cross peaks and long-range intermolecular cross peaks ( Figure S1b ), respectively. 16, 18, 20 All PDSD spectra were measured at 296 K under 10 kHz MAS. Most 2D spectra were processed using a QSINE window function with an SSB parameter of 2.5−3.0. The number of scans range from 32 to 96, and the signal-tonoise ratios are 10−70 for intermolecular cellulose cross peaks and 30−600 for intramolecular cross peaks. For the RFDR spectrum of the Brachypodium cell wall, the lowest contour level was 6% of the highest diagonal peak (75, 75 ppm), the level increment was 1.5, and 24 levels were plotted, so that the highest contour level is 67% of the highest peak. All PDSD spectra were plotted using a minimum contour level of 1% of the highest diagonal peak, which is the (72.5, 72.5 ppm) peak for most cell walls. The highest plotted contour level is ∼35% of the highest peak for the 30 ms PDSD spectra and 70−80% of the highest peak for the 1.0 s PDSD spectra.
A 1 H T 2 filtered PDSD experiment ( Figure S1c ) was conducted on the Brachypodium cell wall to detect wellhydrated cellulose. The 1 H T 2 filter time was 1.2 ms, which suppressed the polysaccharide 1 H magnetization to ∼2% while retaining ∼55% of the water 1 H magnetization. A 1 H mixing time (t m1 ) of 1 ms was used to transfer the water 1 H polarization to polysaccharides, and a 30 ms 13 C mixing time (t m2 ) was applied to detect intraresidue polysaccharide cross peaks. The resulting 2D spectra exhibit the signals of hydrated polysaccharides. The experiment was carried out at 263 K under 10 kHz MAS. A 13 C T 1 filtered PDSD experiment was carried out to compare nanosecond-time scale motions of different celluloses. A variable 13 C longitudinal mixing period was inserted before the evolution period of the PDSD experiment ( Figure S1d ). Polysaccharides with long 13 C T 1 relaxation times retain the signals, while polysaccharides with short T 1 relaxation times show weaker signals. The spectra were measured at 296 K under 10 kHz MAS and the 13 C spin diffusion mixing time was 30 ms.
DFT Calculations. Cellulose Iα and Iβ models with three different conformations of the C6 exocyclic group (gg, gt, and tg) were created based on X-ray and neutron diffraction structures.
9,10 The atomic positions of these models have been previously energy-minimized with periodic DFT-D2 calculations.
38, 39 Clusters consist of four monomer units per chain, three chains wide and four layers high. This allows for four monomers to have at least one other unit next to them in all three dimensions to represent the atomic environment in cellulose. The ends of tetramer chains were terminated with a methyl group to satisfy the bonding of the terminal atoms. The atoms were then held fixed into the positions determined by periodic energy minimizations for calculating isotropic 13 C chemical shifts based on the cluster model. Structural parameters such as the interatomic distances and torsion angles are listed in Table S1 .
NMR shielding tensors were calculated using the modified Perdue-Wang exchange-correlation functional mPW1PW91 40 and the 6-31G(d) basis set 41 using the Gauge-independent atomic orbitals (GIAO) 42−47 method in Gaussian 09. 48 Chemical shifts were calculated using the multireference method. Methanol was the secondary chemical shift standard, because it produces δ 13 C in better agreement with experiments. 38, 39, 49, 50 An empirical correction of 49.5 ppm 51 was used for the difference between the δ 13 C of methanol and TMS. 49 This is added to the calculated shielding of methanol to give a corrected isotropic chemical shielding of 193.0 ppm, which is then used to convert the computed cellulose chemical shielding σ 23, 52 With such a window function, the iC4 peak at ∼89 ppm reveals three partially resolved peaks, while the iC6 peak at ∼65 ppm contains at least two peaks. The iC4 fine features resemble a superposition of the Iα allomorph's C4 chemical shifts (90 and 89 ppm) and the Iβ C4 chemical shifts (89 and 88 ppm).
4,53
These fine features are present in multiple plants, including Arabidopsis, Brachypodium, and Zea mays (Figure 1b−e) , suggesting that this structural polymorphism is common to plant primary-wall cellulose. Chemical and enzymatic digestion of matrix polysaccharides in the Arabidopsis primary walls did not remove these fine features (Figure 1c) , indicating that the cellulose structural polymorphism is robust.
Extending the experiments to two dimensions at high fields resolved multiple structures of cellulose. Figure 2 shows 2D 13 C− 13 C RFDR and PDSD spectra of the Brachypodium cell wall at 800 MHz. A short RFDR mixing time of 1.5 ms was used to detect one-bond cross peaks while a 30 ms PDSD spin diffusion mixing time was used to measure multibond cross peaks. 8, 16, 20 Comparison of the two spectra allowed us to assign multiple sets of cellulose chemical shifts. Although the C3 and C5 chemical shifts are similar (around 72 ppm), and both carbons are bonded to C4, the 2D RDFR spectrum yields unambiguous C5 chemical shifts from the C5−C6 cross peaks, thus distinguishing the C5 from the C3 chemical shift. The 2D PDSD spectrum exhibits all intraresidue cross peaks, the most characteristic ones being the C1−C4 and C4−C6 cross peaks. Figure S2 shows examples of how the 2D RFDR and PDSD spectra are used together to resolve the signals of interior cellulose types a and d. Starting from the C1−C4 cross peaks in the PDSD spectrum, we can identify the C6−C4 cross peaks in the PDSD spectrum, followed by the C6−C5 and C4−C5 cross peaks in the RFDR spectrum. The C4−C5 cross peaks further correlate to C4−C3 cross peaks in the RFDR spectrum to give the C3 chemical shift. The C4−C5 cross peaks also connect to C4−C1, C4−C6 and other cross peaks in the PDSD spectrum to confirm the other chemical shifts. The starting C1−C4 cross peak in the PDSD spectrum can also be traced to the C1−C2 cross peak in the RFDR spectrum to obtain the C2 chemical shifts. It is noteworthy that a single C1−C2 cross peak at (105, 72.6) ppm is observed for cellulose types b, d, f, and g, but the narrow C2 line width of 1.2 ppm makes the C2 chemical shift assignment unambiguous. This situation differs from the resonance overlap often encountered in disordered proteins, where the broad line widths lead to multiple possible assignments. 54, 55 Consistent with the literature, the two types of surface cellulose ( f and g) exhibit C4 and C6 chemical shifts that are 3−4 ppm smaller than (i.e., upfield from) the chemical shifts of interior cellulose. Similar 2D PDSD spectra were measured for the other primary cell walls, and the multiple sets of cellulose 13 C chemical shifts of Brachypodium, Zea mays, and Arabidopsis are summarized in Table 1 .
In total, the high-field 2D correlation spectra resolved five types of interior cellulose (a−e) and two types of surface cellulose ( f and g), indicating significant structural heterogeneity of plant primary-wall cellulose (Figures 3 and S3) . Figure 3 compares the most important C6−C4 and C1−C4 regions of the five plant cell walls, including three Arabidopsis cell walls and two grass cell walls. The three Arabidopsis samples include a WT sample, a xyloglucan-deficient mutant, and a CESA mutant with reduced cellulose synthesis capability. As can be seen, the seven types of cellulose are observed in most cell walls but with varying intensities. For example, cellulose c signals are strong in Brachypodium and Arabidopsis cell walls, but much weaker in the Zea mays cell wall. Table 2 lists the estimated percentages of the different cellulose subtypes in the cell walls investigated here. As we show below, cellulose c can be assigned to glucan chains that are more than one chain away from the microfibril surface, 19 thus , indicating that GAX interacts with cellulose microfibrils in a similar fashion as xyloglucan in dicot cell walls. The CESA mutant was previously found to reduce the cellulose crystallinity. 32 Consistently, the cellulose peaks of this mutant cell wall are broader and less defined ( Figure 3e ).
Differences between Primary-Wall Cellulose and Crystalline Bacterial, Algal, and Animal Cellulose. To gain insight into the structures underlying these chemical shifts,
we compared the measured primary-wall cellulose chemical shifts with values reported for highly crystalline cellulose of Cladophora and tunicate 7 ( Figure 4 ). Cladophora is rich in Iα cellulose, which is formed by identical chains that each contains two alternating types of glucose units, A and A′.
8,10 Tunicate cellulose is dominated by the Iβ allomorph, which contains two types of glucose residues (B and B′) separated into alternating sheets.
8, 9 We show in Figure 4 the chemical shift differences between the five primary wall interior cellulose a−e and the four types of crystalline Iα and Iβ cellulose. Both the average chemical shift RMSD values and the individual 13 C chemical shift differences are shown to indicate the structural similarities and differences between different sources of cellulose. The chemical shifts of most carbons in the structurally known and distinct Iα and Iβ allomorphs (Table 1 ) differ by less than 1.0 ppm, with the exceptions of C5 of Iα A and A′ and C1 of Iα B and B′, whose chemical shifts differ by 2.0−2.5 ppm. Thus, we chose a cutoff of 1.5 ppm for an individual carbon as an indication that two structures are significantly different. In general, C1, C4 and C6 chemical shifts are sensitive to the glycosidic ϕ (O5−C1−O1−C4) and ψ (C1−O1−C4−C5) torsion angles and the χ′ (C4−C5−C6−O6) torsion angle, which dictates the C6 hydroxymethyl conformation. 56 Figure 4 and Table 1 show that cellulose e matches the Iα allomorph glucose A′ very well, with a chemical shift RMSD of only 0.5 ppm. Moreover, no individual 13 C chemical shift has large discrepancy with the literature values. Thus, cellulose e can be confidently assigned to a conformation and hydrogenbonding pattern that are similar to the Iα A′ structure. However, the other four types of interior cellulose cannot be assigned satisfactorily to any Iα and Iβ structures. For celluloses a−c, even the best fits with the crystalline cellulose allomorphs have chemical shift RMSDs of ∼1.0 ppm, and individual differences of more than 1.5 ppm are observed for some carbons. For example, cellulose a shows best matches with glucose A and B′ in the Iα and Iβ allomorphs, respectively, but the C2 chemical shift of cellulose a deviates by 1.7 ppm from the A C2 chemical shift, suggesting differences in hydrogen (Figure 4b ). This poor agreement is consistent with assignment of cellulose d to glucan chains that interact with hemicellulose, which do not exist in crystalline cellulose of nonplant organisms. We previously found that expansin, a wall-loosening protein, 21, 57, 58 targeted these limited regions of cellulose microfibrils where xyloglucan was entrapped. 59 The expansin-bound cellulose has a unique C4 chemical shift, 1.0 ppm upfield from the average cellulose C4 signal, and resembles the cellulose d C4 chemical shift seen here. Thus, cellulose d may play an important role in wall loosening.
These chemical shifts indicate that except for cellulose e, whose structure matches that of cellulose A′ well, the other four types of interior cellulose in plant primary walls do not resemble the glucose structures in crystalline bacterial and algal cellulose. Figure 4b shows the two best assignments each for cellulose a to c: a -A/B′, b -B′/A, and c -B/B′, while cellulose d is unique to plant primary cell walls. These results indicate that primary wall cellulose does not have the same structure as bacterial, algal, and animal cellulose, and the long-held conceptual framework of Iα and Iβ allomorphs as the basic structural units of native cellulose do not adequately describe plant primary wall cellulose. In addition to chemical shift differences of individual carbons, the intensity distribution is not consistent with the equimolar ratio of A and A′ or B and B′ (Table S2) , which are required for the Iα and Iβ allomorph. For example, while cellulose e chemical shifts match the cellulose A′ chemical shifts well, neither a or b cellulose, which have partial resemblance to the A structure, have similar intensities to the cellulose e peaks in the spectra. For all the cell walls examined here, spectral intensities indicate that the percentages of cellulose a and b are the highest among all interior cellulose types, followed by cellulose c, while celluloses d and e are present at low concentrations (Table 2 ). These results indicate that primary wall celluloses have distinct structures from the Iα and Iβ structures, and matrix polysaccharides have significant influences on the packing and conformation of the glucan chains.
Comparison of Plant Primary Wall Cellulose with Secondary Wall Cellulose. Cellulose in secondary cell walls has also been studied extensively using NMR; thus it is interesting to compare its chemical shifts with the primary-wall cellulose results here. In wood, cellulose microfibrils are estimated to be 10−20 nm across, 60 and their order has been investigated by deconvolution of 1D 13 C solid-state NMR spectra. 61−63 The results indicate that pulping changes the cellulose structure, converting some of the Iα structure to the Iβ allomorph. 2D 13 C− 13 C correlation spectra of extracted and regenerated wood cellulose showed a large distribution of chemical shifts 64, 65 and indicated the presence of not only crystalline cellulose Iα and Iβ allomorphs but also cellulose II, which consists of antiparallel packed glucan chains. This cellulose II structure is the result of the regeneration process and thus cannot be extended to native primary-wall cellulose. Recently, Dupree and co-workers used 2D and 3D 13 C correlation solid-state NMR experiments to investigate the structure of intact dried Arabidopsis secondary walls. They resolved three sets of cellulose chemical shifts, 66 two of which match those of interior cellulose types b and c found here, while the third set matches the surface cellulose f in our samples (Table 1 ). This suggests that a subset of the cellulose structure and packing may be conserved between the primary and secondary cell walls, and the conserved subtypes are evenly distributed in the core of the microfibril, between the core and the surface, and on the surface. Consistent with our current observations, these authors found no evidence of the Iβ allomorph in the secondary-wall cellulose. Taken together, these data suggest that cellulose in untreated and native plant primary and secondary cell walls share structural similarities, and both differ significantly from the crystalline cellulose found in bacteria, algae, and animals.
DFT Calculations of Cellulose Chemical Shifts. To gain insight into the structures underlying the multiple sets of cellulose 13 C chemical shifts, we carried out DFT calculations of chemical shifts for cellulose with varying hydroxymethyl conformations. Density functional theory has been demonstrated to be a powerful tool for reproducing experimentally measured NMR chemical shifts of crystalline cellulose 38,39 and for refining the structures of small molecules. 67 We created energy-minimized structural models of Iα and Iβ cellulose 9, 10 with three hydroxymethyl conformations: tg, gt, gg (Table S1, Figure 5 ). Following the crystal structure, the Iβ allomorph contains two nonequivalent glucan chains, the origin (O) and center (C) chains, which lie in alternating layers, while Iα cellulose comprises the same glucan chains, each containing alternating nonequivalent glucose residues U and D. To calculate the chemical shifts of the interior U, D, O, C residues, we used minimal numbers of 48 and 28 glucose residues for the Iβ and Iα allomorphs, respectively. Figure 6 compares the measured and calculated (Table 3) 13 C chemical shifts of these glucose residues. All measured interior cellulose (a−e) chemical shifts agree well with the calculated C6 chemical shifts for the tg conformation, with an RMSD of ∼2.1 ppm (Table S3) , which is close to the best agreement we have achieved when comparing calculated and observed δ 13 C values on known structures. 38, 39, 68, 69 In addition, cellulose d, which interacts with matrix polysaccharides, shows good agreement with the calculated chemical shifts for the Iβ gt conformer (Figure  6b ), suggesting that tg and gt conformations may coexist in the plant-specific cellulose d. None of the measured chemical shifts agree with the calculated values for the gg conformation, indicating that the gg conformer is energetically unfavorable in interior cellulose.
Spatial distribution and intermolecular contacts of different cellulose in plant primary cell walls. To obtain information about how the different cellulose structures interact with water and matrix polysaccharides and where they are located in the microfibril, we measured water-edited 2D correlation spectra and long-mixing-time 2D correlation spectra. A 1 H T 2 filtered PDSD experiment was used to select the water 1 H magnetization and transfer it to neighboring polysaccharides. 33 Figure 3f shows the water-edited spectrum of the Brachypodium cell wall. The signals of cellulose a and b are well retained in the water-edited spectrum, whereas the c and d signals are preferentially suppressed, indicating that celluloses a and b are close to the microfibril surface while celluloses c and d are more sequestered from water. The different distribution of cellulose with respect to water is consistent with recently reported 1 H− 13 C 2D correlation spectra, which show much narrower 13 C signals for water-proximal cellulose than the full 13 C signals of all cellulose.
18,70,71 The current water-edited 2D 13 C− 13 C correlation spectrum shows the retention of the 89-ppm of C4 chemical shift, which is the frequency of cellulose a indicating f−g contacts on the microfibril surface. Both gC6 and f C6 show cross peaks with interior cellulose C6 at 65 ppm. Interestingly, the surface−surface g−f cross peaks have similar intensities as the surface-interior cross peaks in both the 1.0 s PDSD spectrum and the 0.2 s PDSD spectrum ( Figure S5 ), strongly suggesting that g and f glucose rings do not reside in the same chain. The distances between adjacent glucose rings in the same chain are 2−3 Å, while the shortest distance between glucose in two different chains are 4−6 Å. Since spin diffusion rates are inversely proportional to the distance to the sixth power, 72 if f and g are mixed in the same chain, then they would give rise to ∼64-fold faster buildup and hence much stronger cross peaks than the surface-interior cross peaks, which is inconsistent with the data. It is also unlikely for g and f cellulose to be segregated onto different microfibril surfaces such as hydrophobic and hydrophilic surfaces, since this would make the distances too large to observe. Therefore, the 2D spectra indicate that cellulose g and f are well mixed chains on the same microfibril surface (Figure 8) . Further, these two types of surface chains have similar populations, since their intensities are similar in all spectra.
Multiple cross peaks are detected between surface and interior cellulose, but among interior celluloses a−d, cellulose c C6 has the weakest cross peak with the surface g/f C6 ( Figure  7b ), indicating that cellulose c is the furthest away from the microfibril surface. This is consistent with the observation that cellulose c is inaccessible to water in the water-edited 2D spectra (Figure 3f ). In addition, the a/b C4 cross section at 88.9 ppm shows cross peaks with both the surface g/f C4 and with interior cellulose c C4 (Figure 7c) , suggesting that cellulose a and b are sandwiched between the core cellulose c and the surface cellulose. The presence of cross peaks between all significantly populated interior cellulose types (a−d) is important, as it indicates that the different cellulose structures are not separated into different microfibrils or along the long axis of the microfibril, but rather coexist laterally within each microfibril. 13 C T 1 -filtered 2D PDSD spectra show that all interior cellulose 13 C intensities decayed to ∼62% after 4 s, indicating similar 13 C T 1 relaxation times of 8.4 s ( Figure S6 ), while the surface cellulose signals have faster relaxation, to ∼55%, corresponding to a 13 C T 1 of ∼6.7 s. The shorter T 1 of surface cellulose indicates faster nanosecond motions than interior cellulose, while the similarity of the f and g cellulose T 1 relaxation times is consistent with the intimate mixing of these chains. Similarly, the fact that all interior cellulose types have similar 13 C T 1 relaxation times indicates that they are tightly packed to each other, which is consistent with the strong cross peaks between different types of interior cellulose in the 1.0 s PDSD spectrum.
Combining the chemical shift information, the water-edited spectra, and the long-mixing-time spectra, we propose the following structural motifs and spatial locations of the various cellulose polymorphs in the plant primary-wall microfibril (Figure 8 ). Surface cellulose f and g are well hydrated but separate chains that are well mixed on the microfibril surface. In the core of the microfibril lies cellulose c, with characteristic C1 and C4 chemical shifts of 104 and 88 ppm. This cellulose does not contact the surface chains, does not interact with matrix polysaccharides, and is poorly hydrated. Between cellulose c and the surface cellulose lie cellulose conformations a and b, which are well hydrated and are in direct contact with the surface cellulose. Interior cellulose e is found at a low population in all cell walls, but is particularly depleted in grass cell walls. The most interesting cellulose in the primary cell walls is cellulose d. Multiple lines of evidence indicate that cellulose d is more disordered than other interior cellulose and interacts extensively with other polysaccharides. First, its C4 chemical shift of 87 ppm (Table 1) is smaller than that of other interior cellulose and is the closest to the surface cellulose C4 chemical shift, suggesting that cellulose d has structural similarity to the surface cellulose. Second, mutant cell wall spectra indicate that cellulose d interacts with hemicellulose in both dicot cell walls (xyloglucan) and grass cell walls (xylan). Third, cellulose d exhibits strong cross peaks with surface cellulose (Figure 7 ) but is poorly hydrated (Figure 3f ). This paradox can be resolved if cellulose d, despite being on the microfibril surface, forms a sufficiently large hydrophobic assembly with hemicellulose that decreases its hydration. This hypothesis is supported by molecular dynamics simulations that suggested that xyloglucan can bind multiple cellulose microfibrils to form a sandwiched cellulose-hemicellulose-cellulose junction that provide mechanical strength to cell walls 73 ( Figure  8 ) as well as acting as biomechanical "hotspots" 74, 75 for wall loosening by expansin. 59 Alternatively, cellulose d may reside inside the microfibril, but some hemicellulose chains may intercalate sufficiently into the microfibrils to restructure some of the glucan chains to form this structure. Fourth, while all interior cellulose types adopt the tg conformation for the exocyclic C6, cellulose d also has a significant propensity to form the gt conformer, which is absent in the Iα and Iβ structures 9,10 but which has been attributed to exist in surface cellulose. 76 Binding to hemicellulose may be partly responsible for this alternative C6 conformation. Thus, overall, cellulose d has mixed structural characteristics of interior cellulose and surface cellulose.
The observed structural polymorphism of primary-wall cellulose is more pronounced than that of crystalline microbial cellulose. While the Iα and Iβ allormorphs with a total of four resolvable sets of chemical shifts are well-known for bacterial and algae cellulose, the Iα and Iβ conformations do not coexist in the same microfibril. This is supported by high-resolution synchrotron and neutron diffraction data 9,10 as well as the lack of Iα to Iβ cross peaks in solid-state NMR spectra of bacterial and tunicate cellulose. 8 The coexistence of as many as seven structures in each microfibril is thus unique to plant cell wall cellulose, and is consistent with the nature of the plant cell wall as a network of different polysaccharides together carrying out the mechanical and growth functions of the wall. In comparison, bacteria and algae secrete pure cellulose, in the absence of other polysaccharides, and the cellulose microfibrils assemble into large and highly water-absorbent sheets on the cell surface. 77−79 The different molecular-level polymorphism of the plant and microbial celluloses thus likely underlie the distinct macroscopic physical and functional properties.
The structural polymorphism of the cellulose chains on the microfibril surface and in the interior indicates a lack of uniformity in the interactions of cellulose with matrix polysaccharides, thus cell wall structural models that depict cellulose as being uniformly coated by a layer of hemicellulose, such as the covalently cross-linked model and the diffuse layer model, 58 are unlikely. In comparison, the tethered network model and the stratified layer model both posit xyloglucan to cross-link cellulose microfibrils at specific positions, thus they can in principle be consistent with the observed cellulose chemical shift multiplicity. However, these two models both consider pectins as separate from the cellulose-hemicellulose chains, which is not consistent with the reported intermolecular cross peaks between cellulose and pectins.
14−16,19 Thus, the tethered network model and the stratified layer model must also be modified to include pectins into the cellulosehemicellulose network. In comparison, recent solid-state NMR data, biochemical assays and atomic force microscopy data suggest that cellulose interacts with xyloglucan only in limited positions but contact pectins extensively. 13, 14, 16, 19 This model is consistent with the structural polymorphism of cellulose in primary cell walls.
■ CONCLUSIONS
The above high-field 2D 13 C− 13 C correlation solid-state NMR spectra of 13 C-labeled plant primary cell walls resolved seven cellulose structures, five of which corresponding to interior cellulose. 13 C chemical shifts indicate that most of these interior cellulose structures differ significantly from the Iα and Iβ structures found in the crystalline cellulose of bacteria, algae, and animals. DFT calculations indicate that interior cellulose types a, b, and c adopt the tg hydroxymethyl conformation, while interior cellulose d may adopt a mixture of tg and gt conformations. Importantly, 2D correlation spectra detailing intermolecular water−polysaccharide and polysaccharide−polysaccharide contacts show that all interior celluloses are well mixed on the subnanometer scale. The surface cellulose f and g are separate chains that are adjacent to each other on the same microfibril surface, interior cellulose c is sequestered in the core of the microfibril and is dehydrated, while interior cellulose a and b are in contact with the surface. The most interesting cellulose, cellulose d, is poorly hydrated, interacts with hemicellulose, and is targeted by expansin during wall loosening. Cellulose d may either lie on the microfibril surface as part of a hydrophobic assembly with hemicellulose or reside in the microfibril but is disordered by embedded hemicellulose. Together, these results indicate that plant primary wall cellulose is much more polymorphic than microbial cellulose, and this structural difference is likely caused by different biosynthetic and assembly pathways of cellulose in the different organisms, as well as the intimate macromolecular interactions of the primary-wall cellulose with matrix polysaccharides, which do not exist in bacterial or algal cellulose. The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.biomac.6b00441.
The structural parameters of glucose units in DFT calculation are shown in Table S1 . The estimated fractions of glucose conformers in Iα and Iβ allomorphs are shown in Table S2 . The 13 C RMSDs between measured and calculated 13 C chemical shifts are shown in Table S3 . NMR pulse sequences are shown in Figure S1 . The assignment of Brachypodium cellulose signals is shown in Figure S2 . The 2D 13 C− 13 C 30 ms PDSD spectrum of Arabidopsis cell walls is shown in Figure S3 . The 2D 13 C− 13 C long-mixing PDSD spectra of Brachypodium samples are shown in Figure S4 ,5. The 13 C-T 1 filtered PDSD spectra of Brachypodium cell walls are shown in Figure S6 . 
■ ABBREVIATIONS:
Rha, R, rhamnose; Ara, A, arabinose; I, interior crystalline cellulose; s, surface amorphous cellulose; GalA, GA, galacturonic acid; G, glucose in xyloglucan; GAX, glucuronoarabinoxylan; Xyl, x, xylose; solid-state NMR, solid-state nuclear magnetic resonance; CP, cross-polarization; MAS, magicangle spinning; PDSD, proton-driven spin diffusion; RFDR, radio frequency-driven recoupling; INADEQUATE, incredible natural-abundance double-quantum transfer experiment ■ REFERENCES Figure S1 . Different 2D 13 C-13 C correlation pulse sequences used to measure cellulose chemical shifts, structure, and dynamics. 
